Introduction
Topologically nontrivial spin textures have attracted extensive attention since they harbor elegant physics associated with the real space Berry curvature [1] [2] [3] , and novel quantum transport phenomena and hold potential for energy efficient spintronic applications [4] [5] [6] . One intriguing example is the skyrmion spin texture, a topologically protected vortex-like object with swirling spin configuration. The magnetic skyrmion has been observed in B20 metallic magnets [7] [8] [9] , interfacial asymmetric magnetic multilayers [10] [11] [12] , and ferromagnetic oxide films, such as (La,Sr)MnO 3 13 and SrRuO 3 /SrIrO 3 heterostructures 14, 15 . When an electrical current flows through a skyrmion texture, the electron spin couples adiabatically with the skyrmion spin and experiences a fictitious magnetic field (i.e., Berry curvature) in real space. This field can generate an additional Hall conductance, which is a novel quantum phenomenon referred to as topological Hall effect (THE) 16, 17 . The presence of THE is considered as an electrical transport signature of the skyrmion spin textures 5, [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The formation of skyrmion in a thin film system needs the non-collinear be generated in heavy metal/ferromagnet/oxide sandwiches 11, 12, 25 , where the two interfaces and the heavy metal contribute to the broken inversion symmetry and SOC, respectively. Experimentally, a combination of the strong SOC of the ferromagnetic layer (e.g., CrTe and Mn-doped Bi 2 Te 3 ) and broken interfacial inversion symmetry for single-layered CrTe 26 and Mn-doped Bi 2 Te 3 27 thin films grown on SrTiO 3 (111) substrates can also give rise to substantial DM interaction and concomitant THE.
Recently, THE was observed in SrRuO 3 /SrIrO 3 bilayers 14, 15 and was explained by the formation of DM interaction stemming from the strong SOC of 5d oxide SrIrO 3 and broken inversion symmetry in the bilayers. A natural and important question is whether there is a simplified approach to magnetic skyrmion and THE in SrRuO 3 thin film without the assistance of 5d elements, especially since SOC is already strong in Ru.
Octahedral distortions such as deformation and tilting (or rotation) in oxides are currently of great interest, which provides broad opportunities for modulating physical properties of the oxide films, such as magnetic anisotropy, conductivity and exchange coupling [28] [29] [30] [31] [32] . The octahedral distortions can naturally break the inversion symmetry, thus provide a potential way to generate skyrmion spin texture. SrRuO 3 , a rare example of 4d band metal with a pseudo-cubic perovskite crystal structure, is a well-known itinerant ferromagnet with a Curie temperature (T C ) of ~160 K 33 . A number of intriguing electromagnetic phenomena have been demonstrated to be closely related to the Berry curvature in SrRuO 3, including magnetic monopoles 34 , Weyl fermions 35 , and even quantum anomalous Hall state 36 . These results indicate that the 4d metallic ferromagnet SrRuO 3 should possess considerable spin-orbit interaction, as anticipated. Considering the broken inversion symmetry induced by octahedral tilting in the SrRuO 3 films, a non-vanishing DM interaction and resultant THE are 5 highly expected in single-layered SrRuO 3 films. Moreover, since electric-field control of interfacial magnetism is of special interest for high-density and low-power consumption information storage 37 , it is of great importance for electronic and spintronic applications to achieve an electrically tunable DM interaction. However, works that utilize an electric-field to effectively manipulate the DM interaction are scarce for oxide heterostructures. Although the electric-field-induced variation of DM interaction was recently reported for SrRuO 3 /SrIrO 3 15 , the role of the electric-field for DM interaction variation has yet to be clarified. Because of the short screening length of the electric-field in itinerant ferromagnet SrRuO 3 , we expect that an electric-field applied to the ultrathin SrRuO 3 /SrTiO 3 heterostructures may be utilized to efficiently manipulate the DM interaction due to the presence of additional Rashba effect 38, 39 , resulting in more interesting physical behaviors. In the investigation described below, the THE and its electrical control are observed for ultrathin SrRuO 3 single-layered films grown on SrTiO 3 (001) substrates. In these samples, a peculiar pattern of oxygen octahedral tilting is observed by high-resolution lattice structure analysis, which adds to the inversion asymmetry in the SrRuO 3 layers right next to the SrTiO 3 . The ensuing enhancement of the DM interaction is shown to stabilize the Né el-type magnetic skyrmion spin configuration, leading to THE-type transport. The present work opens a unique and promising window for the design of artificial materials with electrically tunable topological spin textures and the associated quantum transport properties.
Results
Observation of THE in SrRuO 3 single-layered films. High-quality SrRuO 3 epitaxial films with various thicknesses (4~50-unit cells, u.c.) were grown on insulating SrTiO 3 (001) substrates using pulsed laser deposition (PLD) (see Methods, 6 Supplementary Fig. S1 and Note 1). Films were then patterned into Hall bar geometry devices for transport measurements with an applied current of 5 μA. The longitudinal resistivity (ρ xx ) versus temperature (T) curves of the SrRuO 3 films were measured from room temperature to 5 K. As the film thickness decreases, ρ xx continuously increases and three different regimes can be identified. For the thickness of 15~50 u.c., the films show a metallic behavior over the entire temperature range of 5~300 K.
However, the ρ xx of films undergoes a metal-insulator-transition when the thickness t is less than 10 u.c. Samples with a thickness of 4 u.c. or less display an insulating behavior in the entire temperature regime [40] [41] [42] . A comparable AHE signal is also observed for the 9 u.c.-thick film (Fig. 1b) , in which the ferromagnetic ordering at fixed temperature is a bit weaker than that of 10 u.c. sample because of the lower T C (Supplementary Fig. S2 ).
The situation changes dramatically when the film thickness is reduced to 8 u.c. (Fig. 1c) . In stark contrast to conventional AHE of ferromagnetic conductors, the Hall traces exhibit a clear anomaly characterized by the appearance of a hump or dip structure superimposing on the usual AHE loop while scanning the field between −5 and 5 T. Similar features are also observed in the 5 u.c.-thick sample (Fig. 1d ) when the temperature is below 70 K. This sample has an even lower T C (~95 K) 7 ( Supplementary Fig. S2 ). The hump/dip structure is the typical feature of the Phenomenologically, the total Hall resistivity can be thought of as having three components 14, 15 : the ordinary Hall effect, the AHE and the THE, expressed as
where R 0 is the ordinary Hall coefficient, R S is the anomalous Hall coefficient, ρ THE is the topological Hall resistivity arising from topological skyrmion spin textures, and B Fig. S4 and Note 4), and the sign of its AHE curves becomes positive (Fig. 1d) , indicating the singularity of the band structure of SrRuO 3. This is possibly due to reduced M 34, 42, 45 .
To has a close inspection of THE, we extract the THE contribution from the AHE curve at 10 K for the typical 5 u.c. SrRuO 3 film. As shown in Fig. 1e 
where eff sk 0 z Bn   is the fictitious effective field, P denotes the spin polarization of the conduction electron in SrRuO 3 and n sk is skyrmion density. Adopting the value of R 0 = −0.08 μΩ cm T −1 measured at T = 10 K and the P in the range from −9.5% to −50% 46, 47 , the skyrmion density n sk estimated from Eq. (2) varies from ~1.8 × 10 15 to ~9.5 × 10 15 m −2 . Consequently, the estimated size of a single skyrmion is n sk -1/2 ~ 10~23 nm. These values are quite reasonable compared with the typical diameter of DM interaction-induced skyrmion, which ranges from 5 ~ 100 nm 17, 27 .
Electric-field control of THE. An interesting issue is the manipulation of the THE. 9 We further investigated the electric-field control of the THE. The inset of Fig. 2a presents the schematic of the bottom gate dependence of measurements at 5 K.
Because of the huge dielectric constant (ε~23,000) 48 of SrTiO 3 at low temperatures, an electrode of dried silver conductive paint on the bottom side of the SrTiO 3 substrate
can form a field-effect transistor, which can be used to tune the chemical potential of the SrRuO 3 films. Figure 2a shows V g dependence of longitudinal resistivity ρ xx . The
under V g = 200 V and 3.5% (electron depletion) under V g = -170 V. It implies small or even negligible changes in carrier density ( Fig. 2c) , possibly due to the large carrier density of the intrinsic SrRuO 3 film 15, 49 .
In contrast to ρ xx , the V g has a much stronger effect on AHE and THE. Figure 2b shows adopting the spin polarization of P = −9.5% 46 . The size of the skyrmion scatters in the range of 10~30 nm when P varies from −20% to −50% 14, 47 (Fig. 2h) . Therefore, the THE in the single-layered SrRuO 3 is robust, occurring in a wide range of temperatures, magnetic fields, and gate voltages.
A comparison of the V g control of carrier density and AHE/THE suggests that the observed large modulation of AHE and THE cannot be simply explained by the V g -induced carrier density change. Possibly, the SOC may suffer from the tuning of electric gate, resulting in a variation in DM interaction. We note that the coercive field Fig. S7 ). Furthermore, the tetragonality becomes robust with decreasing SrRuO 3 film thickness.
The intrinsic tetragonal phase is also supported by the X-ray reciprocal space mappings (RSMs) of 16 u.c. and 8 u.c. SrRuO 3 films (Supplementary Figs. S10 and S11 and Note 6). Our finding coincides with the previously reported results that the tetragonal SrRuO 3 phase can be epi-stabilized at room temperature for t ≤ 17 u.c. 52 .
In general, the octahedral distortions in ultrathin hybrid structure are expected to accommodate the symmetry-mismatch between the film and substrate with the coherent interface. The corner connectivity of octahedron across the interface drives the film to adopt the tilting symmetry of substrates, which tends to suppress the octahedral tilts (cost energy). Meanwhile, mechanical rigidity of film octahedron tends to develop its own tilting symmetry away from the interface (gain energy) 50, 53, 54 .
Consequently, the final rotation and tilting structures of ultrathin hybrid structure are determined by the equilibrium of the energy states between these two competing In addition to the strong SOC readily available in 4d oxide SrRuO 3 , the other prerequisite for a finite DM interaction is the broken inversion symmetry. This naturally occurs for the asymmetric oxygen octahedron condition between the reconstructed interfacial tilting RuO 6 octahedrons and non-tilting RuO 6 octahedrons away from the interface induced by the local orthorhombic-to-tetragonal structure phase transition. Thus, the interfacial oxygen octahedral tilting here is highly expected to be responsible for the emergence of THE.
Control of THE by interfacial engineering. We then turn towards the control The sign reversal of AHE is likely due to the singularity in the band structure of [57] [58] [59] . The strength of the Rashba interaction is represented by  (see Methods and Supplementary Note 7).
In the continuum limit, the energy of the 2D system is a functional of the magnetization field through both exchange interaction J and the DM interaction D,
where m is the magnetization direction at r, S is the integral area, and vector (Fig. 3) .
The local orthorhombic-to-tetragonal phase transition is presented in the SrRuO 3 film as shown in Fig. 5a , where the oxygen octahedral tilting of the 1 st and 2 nd SrRuO 3 layer close to SrTiO 3 substrate highlighted by a blue rectangular box. According to the STEM measurement ( Supplementary Fig. S7 (Fig. 5f ), in good agreement the experimental estimate. Therefore, the interfacial oxygen octahedral tilting induced by local structural phase transition plays a critical role in the formation of skyrmion 17 and the observed THE. Starting with the optimal continuum magnetization field, we further relax the skyrmion structure over a square grid with fixed boundary to minimize the energy density using conjugate-gradient method. The computed configuration of Né el-type skyrmion (Fig. 5g) 62 . This factor leads to a sizeable interface DM interaction modulation and ultimately leads to the observed electric-field induced modulation of THE.
Discussion
To summarize, we demonstrate the existence of THE in ultrathin 4d which has been proposed with potential applications for high-density and low power consumption memories; (iii) Oxygen octahedral tilting not only serves as an intrinsic mechanism for the THE in oxides system, but also plays a role to produce and/or modulate DM interaction in oxide films. Such a bridge will connect the oxide community and spintronics, as well as topological materials community to explore more interesting phenomenon based on the oxides. No observation of skyrmions by real-space spin-sensitive imaging techniques (e.g. Lorenz transmission electron microscopy (LTEM)) is likely due to the too small skyrmion size in the SrRuO 3 films.
Our observation of the THE and its electrical modulation feature would facilitate further studies of the topological skyrmion spin textures in more oxide materials. 19 Note added.-After we submitted our manuscript for consideration on September 6th, 2018, we found an interesting and independent work reporting the emergence of skyrmions and THE in ultrathin SrRuO 3 films on SrTiO 3 on October 4th, 2018. 64 The authors assumed that the octahedral tilting angle is zero for ultrathin SrRuO 3 films on SrTiO 3 , so the rumpling of Ru-O plane was proposed to be the source of DM interaction. Our work demonstrated the RuO 6 octahedral tilting-induced inversion symmetry breaking and DM interaction and resultant THE in ultrathin SrRuO 3 films on SrTiO 3 substrates. The interfacial RuO 6 octahedral tilting induced by local orthorhombic-to-tetragonal structural phase transition is directly observed by STEM.
Methods

Sample preparation
High-quality This allows precise control of the film thickness at the unit cell scale and accurate characterization of the growth dynamics. After growth process, the samples were slowly cooled down to room temperature in 300 Torr of oxygen pressure at a rate of respectively.
Crystal structural characterization
The X-ray reciprocal space mappings of the films were measured by using a Bruker X-ray diffractometer equipped with thin film accessories (D8 Discover, Cu K α radiation) at the Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences.
Magnetization and transport measurements
A superconducting quantum interference device (SQUID) magnetometer with a magnetic field applied perpendicular to the film plane was used to measure the 
Scanning transmission electron microscopy (STEM)
The cross-section TEM lamellas of the SrTiO 3 /SrRuO 3 (8 u.c.) and SrTiO 
The tight binding model of SrRuO 3
The t 2g orbitals of Ru atoms are used to construct the tight binding model. The 
Skyrmion configuration
The common form of skyrmion configuration 21, 27 we used is 
